Introduction
============

Buckwheat (*Fagopyrum esculentum*) is an annual cross-pollinating crop widely cultivated all over the world, especially in Russia, Europe, and East Asia. Its flour is used in a variety of food products, such as noodles and cakes. Buckwheat contains an abundance of antioxidants, such as polyphenols and especially rutin, and is considered to be a functional food. However, problems with the cultivation of buckwheat include low yields, pre-harvest sprouting, and low resistance to excess water. In addition, buckwheat seeds contain allergenic proteins that cause immunoglobulin E-mediated allergenic reactions in humans ([@B17], [@B20], [@B29]). Hence, breeding to remove these inferior characters from cultivated buckwheat has long been desired. Recent advances in sequencing technology have stimulated buckwheat genomic research. [@B33] constructed the Buckwheat Genome Data Base (<http://buckwheat.kazusa.or.jp/>), which has been used to detect genes controlling important agronomical traits ([@B6], [@B12], [@B13], [@B14], [@B25]). However, molecular genetic tools and methods to validate gene function in buckwheat remain to be developed.

A stable transformation method to generate transgenic plants has been established in many plant species and has become powerful approach to assess gene function and transfer a beneficial agronomic trait to cultivated plants. In the case of buckwheat, successful generation of transgenic plants has been reported ([@B7], [@B15]). However, efficient production of transgenic buckwheat remains difficult. In addition, the transformation process and maintenance of established transgenic plants are time-consuming and therefore limit the utilization of this approach for large-scale study.

A transient gene expression system is an alternative convenient method to express exogenous genes in plant cells without stable transformation. A system using isolated protoplasts is among the most powerful tools to analyze gene function in diverse species ([@B3], [@B26], [@B34], [@B36]). To date, it has been employed for analyses of the subcellular localization of proteins ([@B22]), protein--protein interactions ([@B21], [@B27]), and signal transduction in plant cells ([@B23]). The protoplast system is suitable for use in large-scale experiments by employing 96/384-well microplates. In Arabidopsis, protein--protein and DNA--protein interactions in plant cells have been examined in a high-throughput manner ([@B4], [@B28]). In buckwheat, methods for protoplast isolation and transient gene expression have been reported previously, but have not been optimized for a high-throughput platform ([@B8], [@B9], [@B24]).

Here, we provide a method for simple protoplast isolation from common buckwheat grown in a growth chamber and its use for high-throughput transient gene expression. This method facilitates functional analysis of uncharacterized genes in buckwheat in large-scale experiments.

Materials and Methods
=====================

Plant materials
---------------

Seeds of Japanese common buckwheat 'Sachiizumi' ([@B11]) were germinated on soil in a plant incubator (CHF 405, TOMY Inc.) having fluorescent lamps (FL40SEX-N-HG, NEC Lighting Inc.) under a diurnal cycle of 12-h light (60--80 μmol m^--2^ s^--1^) at 25°C/12-h dark at 16°C with 50% humidity.

Plasmid construction
--------------------

To confirm gene transfection efficiency, the green fluorescent protein (GFP) driven by the *Cauliflower mosaic virus* 35S promoter was used as described previously ([@B5]). For the analysis of transient transcriptional activation ability, cloned FeMYBF1 (Accession no. LC369592) in the vector pDONR207 was incorporated into pDEST430T1.2 ([@B16]) by the LR reaction (ThermoFisher Inc.). Reporter and reference plasmids were used as described previously ([@B19]). Plasmids used for reporter--effector analysis were prepared using primers listed in [Table 1](#T1){ref-type="table"}.

Protoplast isolation
--------------------

Protoplast isolation was performed by the slightly modified method described by [@B18] for hypocotyl cells and [@B31] for cotyledon mesophyll cells. In brief, the hypocotyl of buckwheat seedlings grown for 7‒9 days was cut longitudinally and then cut into 1-cm segments with a razor blade. Sliced segments prepared from nine plants were transferred to 20 ml digestion buffer (pH 5.7) containing 1.0% (w/v) Cellulase Onozuka RS (Yakult Inc.), 0.25% (w/v) Macerozyme R10 (Yakult Inc.), 0.02% (w/v) Pectolyase Y23 (Kikkoman Inc.), 0.04% (w/v) BSA, 400 mM Mannitol, 20 mM KCl, 20 mM MES, 10 mM CaCl~2~, and 10 mM β-mercaptoethanol. After permeating the enzyme solution into the sliced hypocotyl by vacuum filtration, cell walls were digested at 25°C for 2 h with gentle shaking at 80 rpm in the dark. Released protoplasts were filtered through 70-μm nylon mesh (Cell-strainer, BD Bioscience Inc.) and collected in a 50-mL tube. The collected protoplasts were washed with W5 buffer (pH 5.7) containing 150 mM NaCl, 125 mM CaCl~2~, 5 mM KCl, and 2 mM MES and collected by the centrifugation at 200 × *g* for 10 min. The washing process was repeated twice. After incubation at 4°C for 10 min, the protoplasts were collected by the centrifugation at 200 × *g* for 5 min and then resuspended in MMG (pH 5.7) buffer containing 400 mM mannitol, 15 mM MgCl~2~, and 4 mM MES, and the cell number was adjusted to 2.0‒3.0 × 10^5^ cells/mL with MMG buffer.

Cotyledon mesophyll protoplasts were isolated by a slightly modified protocol of the tape-sandwich method ([@B31]). After peeling the abaxial epidermis, mesophyll cells were directly placed in digestion buffer and subjected to cell wall digestion and protoplast washing as described above.

Transient gene transformation
-----------------------------

Gene transfection in 96-well plates was performed by the slightly modified method described previously ([@B19], [@B35]). Briefly, 10 μL of plasmid mixture and 40 μL of protoplast suspension (ca. 1.0 × 10^4^ cells) were dispensed into each well of a round bottom 96-well plate (Violamo Inc., catalog number 1-1601-03). Then, 50 μL of polyethylene-glycol (PEG)/Ca^2+^ solution containing 40% (w/v) PEG 4000 (Merck Inc. catalog number 81242), 200 mM mannitol, and 100 mM CaCl~2~ were added and immediately vortexed using a microplate shaker (NP-804, Nissin Rika Inc.) at 1300 rpm for 15 s. After kept at room temperature for 10 min, the transformed protoplast suspension was washed with W5 buffer three times and then incubated at 25°C for 18 h in the dark. Three plasmid concentrations (0.5, 2.0, and 10.0 μg/well) were tested for GFP fluorescence observation. For transient reporter--effector analysis, 400 ng effector (transcription factor) plasmid, 2000 ng reporter (driven by the promoter containing binding sites of the transcription factor) plasmid, and 40 ng reference plasmid (to monitor transfection efficiency) were mixed for each well.

Microscopic observation
-----------------------

Prepared protoplast cells were mounted on a hemocytometer to count cell numbers. The GFP fluorescence was visualized by a fluorescence microscope with emission at 525/50 nm and excitation at 470/40 nm after 24 h incubation at 25°C in the dark.

Determination of dual-luciferase activity
-----------------------------------------

Dual-luciferase activity of transfected protoplasts was determined using the Pikkagene Dual Kit (TOYO B-Net Inc.). Transformed protoplasts were lysed in 20 μL cell lysis buffer provided in the Pikkagene Dual Kit with agitation using a platemixer (Shaking Incubator SI-300C, ASONE Inc.) at 900 rpm for 15 s. Next, 8 μL of cell lysate was transferred to each side wall of a flat-bottom 96-well plate and then was well mixed with 20 μL substrate solution for Firefly luciferase activity (the reporter). Luminescence of each well was measured using a microplate reader with an auto-dispensing device (Infinite F200, TECAN Inc.). Subsequently, the solution was further mixed with 20 μL substrate solution for *Renilla* luciferase activity and the luminescence was measured (internal control). The reporter activity value was normalized to the internal control activity and expressed as "relative luciferase activity".

Results and Discussion
======================

Establishment of simple protoplast isolation method from buckwheat hypocotyl
----------------------------------------------------------------------------

To establish a simple method to isolate protoplasts of buckwheat and transiently express genes in a 96-well plate, we first investigated the optimal tissue and sample amounts for protoplast isolation. Buckwheat plants grown for 7--9 days on soil were used for protoplast isolation ([Fig. 1A](#F1){ref-type="fig"}, [1B](#F1){ref-type="fig"}). Cotyledon mesophyll cells were exposed by peeling the abaxial epidermis using the tape-sandwich method ([@B31]) ([Fig. 1C](#F1){ref-type="fig"}, [1D](#F1){ref-type="fig"}) and the hypocotyl was cut longitudinally and then cut into 1-cm segments ([Fig. 1F](#F1){ref-type="fig"}, [1G](#F1){ref-type="fig"}). Protoplast cells were isolated from both tissues by cell wall digestion in a 50-mL tube ([Fig. 1E](#F1){ref-type="fig"}, [1H](#F1){ref-type="fig"}). Protoplast yield based on the fresh weight of cotyledons was two-times higher than that from the hypocotyl ([Table 2](#T2){ref-type="table"}). Approximately two to three cotyledons or 4--5 hypocotyls are required to isolate 1.0--1.5 × 10^6^ protoplasts, which are sufficient for transient gene expression in a 96-well plate in general. The protoplasts isolated from cotyledons were smaller and showed less variation of cell type than those isolated from hypocotyls ([Fig. 2](#F2){ref-type="fig"}). The buckwheat protoplasts were generally smaller than those isolated from Arabidopsis mesophyll cells ([@B34]). Therefore, we slightly increased the volume of PEG-transformation solution (from 90 μL to 100 μL) and the speed of centrifugation (from 100 × *g* to 200 × *g*) from those of the protocol for Arabidopsis. Given that no surviving protoplast isolated from the cotyledon after overnight culture was observed with our protocol even if true leaves were taken from 2--3 weeks-old plants (data not shown), we adopted the protocol to isolate hypocotyl protoplasts hereafter.

Transfection efficiency of buckwheat protoplast
-----------------------------------------------

We next investigated the transfection efficiency of hypocotyl protoplasts in 96-well-plate-based gene transformation. The transformation efficiency was increased dependent on the plasmid concentration, i.e., 13% ± 3% (0.5 μg), 33% ± 5% (2.0 μg), and 58% ± 5% (10.0 μg), whereas no fluorescence was observed in untransformed protoplasts ([Fig. 3](#F3){ref-type="fig"}). Considering the transformation efficiency of Arabidopsis mesophyll cells in a 96-well plate is 54% ± 7% ([@B4]), the present transient gene expression system using buckwheat hypocotyl protoplasts is sufficiently efficient for large-scale experiments.

Availability of buckwheat protoplast for the effector--reporter assay in 96-well plate
--------------------------------------------------------------------------------------

We examined the feasibility of the buckwheat hypocotyl protoplast system for a 96-well-plate-based dual-luciferase assay using transient effector--reporter analysis. The Gal4 DNA-binding domain fused with VP16 (Gal4DB-VP16) and Gal4DB-SRDX effectors, which are an artificial transcriptional activator and repressor, respectively, significantly changed the reporter activity driven by the promoter containing Gal4 binding sites from the control (Gal4DB alone) ([Fig. 4](#F4){ref-type="fig"}). In addition, Gal4DB-FeMYBF1, which is a R2R3 MYB family transcription factor suggested to be a possible transcriptional activator for flavonol biosynthesis in buckwheat ([@B13]), also significantly activated the same reporter activity (*n* = 4). The relative SD calculated by SD/mean in each experiment was 0.20 (control), 0.11 (Gal4DB-VP16), 0.37 (Gal4DB-SRDX), and 0.22 (Gal4DB-FeMYBF1), which is acceptable for a transient effector--reporter experiment.

We further examined the suitability of the system for functional analysis of buckwheat transcription factors by employing FeMYBF1 and several putative target genes as an example. FeMYBF1 activated reporter gene expression driven by the *FeCHS*, *FeFLS*, *FeFLS1*, *FeFLS2*, and *FeANS* promoters to varying extents ([Fig. 5](#F5){ref-type="fig"}), which is similar to the result obtained in a previous study ([@B13]). Interestingly, while *FeDFR1a* promoter activity in buckwheat protoplasts was induced only 1.58-fold and less than *FeFLSs* promoters by FeMYBF1, that in Arabidopsis mesophyll protoplasts was induced more than 10-fold and higher than the activation of *FeFLSs* reporter activity by FeMYBF1 ([@B13]). [@B2] reported that a heterologous promoter does not necessarily function in different plants due to differences in the regulatory mechanism. The *FeDFR1a* promoter might be irregularly activated by FeMYBF1 in Arabidopsis mesophyll protoplasts owing to the difference in cell identity and/or plant species.

Conclusion
----------

Given the absence of a stable and simple protocol for genetic transformation of buckwheat, establishment of an alternative efficient method to examine gene function in buckwheat is important. This study presents an efficient transient gene expression system using buckwheat protoplasts, which is applicable to a large-scale experiment. Although most functional analyses of buckwheat transcription factors have been carried out to prepare transgenic Arabidopsis ([@B13], [@B32]), at least two months are required to perform the analysis. Furthermore, heterologous expression between Arabidopsis and buckwheat may cause difficulties. The present system provides rapid and more reliable information for gene function studies in buckwheat. We consider the present buckwheat system is superior to the previous protoplast system established by [@B24] in buckwheat and conventional Arabidopsis mesophyll cell system ([@B34]) in terms of shorter period of plant growth and fewer plant number to isolate enough protoplast cells. We propose that the present system could be a general basic method for many studies on plant species including buckwheat and Arabidopsis.

In addition, a transgene-free genome editing technology using a protoplast system provides a powerful tool for plant breeding ([@B10], [@B30]). [@B10] reported that mutagenesis efficiency by transiently expressed CRISPR-Cas9 together with guide RNA ranged from 1.1% to 75.2% when transformation efficiency of the transgene ranged from 43% to 63%. Considering the maximum transformation efficiency shown in [Fig. 2](#F2){ref-type="fig"}, the present method is suitable for transgene-free genome editing. An additional task yet to be established is a stable method for plant regeneration from protoplasts. A previous study reported that plant regeneration from hypocotyl protoplasts of common buckwheat was successful, although the efficiency was only approximately 1% ([@B1]). Combination of the transient gene expression system established in the present study and a more efficient system for plant regeneration from protoplasts would be a useful tool for buckwheat to elucidate gene function and facilitate efficient buckwheat breeding.

In this study, we established a method for simple protoplast isolation and an efficient transient gene expression system employing 96-well plates. The present system will enable functional analysis of buckwheat genes in native cells and accelerate buckwheat breeding in the future.

Author Contribution Statement
=============================

SS performed all experiments. KM and YO performed protoplast isolation. SS, KM, and NM wrote the manuscript. All authors contributed to the design of the experiment and revised the manuscript.

We thank Ms Miyoko Yamada (AIST) and Yoshimi Sugimoto (AIST) for their skillful technical support. We thank Robert McKenzie, PhD, from Edanz Group (www.edanzediting.com/ac), for editing a draft of this manuscript.

![Protoplast isolation from buckwheat. A. Soil-grown buckwheat seedlings cultivated for 7 days after germination. B. A representative seedling used for protoplast isolation. C. Cotyledons placed on 3M adhering tape. D. A Cotyledon in which the adaxial epidermis was removed by peeling using the tape-sandwich method. E. The cotyledons attached to tape are incubated in a 50-ml tube to digest cell walls. F. Longitudinally cut hypocotyl. G. Segments of longitudinally cut hypocotyls for protoplast isolation. H. Hypocotyl segments digested with cellulose solution in a 50-ml tube. Scale bars = 5 cm (A and B) and 1 cm (C to H).](70_128-g001){#F1}

![Size of isolated buckwheat protoplasts. A, B. Isolated protoplasts from cotyledon mesophyll cells (A) and hypocotyl (B). C, D. Magnified picture of representative protoplast of cotyledon (C) and hypocotyl (D). Arrow heads indicate the living protoplasts. Scale bars = 100 μm. F, Size of protoplasts isolated from the cotyledon and hypocotyl.](70_128-g002){#F2}

![Gene transfection efficiency of buckwheat hypocotyl protoplasts. Green fluorescent protein (GFP) was transiently expressed in buckwheat protoplasts isolated from 7-day-old plants using a PEG/Ca^2+^ method in a 96-well plate. Transformed protoplasts were incubated at 22°C for 24 h and visualized under a fluorescent microscope. A, B. Non-transformed hypocotyl protoplasts observed by brightfield (A) and fluorescence (B) microscopy. C, D. Hypocotyl protoplasts expressing GFP were observed by brightfield (C) and fluorescence (D) microscopy. E, Transformation efficiency was calculated as the number of living cells and GFP-fluorescent cells. Mean values and standard deviations were calculated from four biological replicates. ND indicates not detected. Scale bars = 100 μm.](70_128-g003){#F3}

![Transcriptional activation/repression ability assay using Gal4 system. Dual-luciferase activity was determined for co-transformed buckwheat protoplasts by effector (Gal4DB-VP16, Gal4DB-SRDX, or Gal4DB-FeMYBF1), reporter, and reference plasmids after incubation for 16 h at 22°C in the dark. Mean values and standard deviations were calculated from the results of four biological replicates. *P*-values were calculated using Welch's test (two-sided) with Bonferroni--Holm correction when Gal4DB was considered as a negative control.](70_128-g004){#F4}

![Effector--reporter analysis of FeMYBF1 for flavonol-related gene promoters. FeMYBF1 effector was co-expressed with a reporter construct including Firefly luciferase driven by a flavonol-related gene promoter and a reference construct harboring *Renilla* luciferase. Relative luciferase activity was determined when the value of VAMP722 activity, which is a negative control localized to the vacuole, was set to 1. Mean values and standard deviations were calculated from four biological replicates. An asterisk indicates that the *P*-value calculated by Welch's test (two-sided) was lower than 0.05.](70_128-g005){#F5}

###### 

Primers used in this study

  Gene (Locus No. or GenBank No.)                               Sequence (from 5′ to 3′)                                      Direction            Purpose
  ------------------------------------------------------------- ------------------------------------------------------------- -------------------- --------------------
  VAMP722 (AT2G33120)                                           ggggacaagtttgtacaaaaaagcagGCTCCATGGCGCAACAATCGTTGATCTACAGTT   Forward              Effector (control)
  ggggaccactttgtacaagaaagctgGGTCTTTACCGCAGTTGAATCCCCCACAAATTG   Reverse                                                       Effector (control)   
  FeMYBF1 (LC369592)                                            ggggacaagtttgtacaaaaaagcagGCTCCATGGGAAGAGCACCTTGCTGTGA        Forward              Effector
  ggggaccactttgtacaagaaagctgGGTCAGAAAGAAGCCAAGCAACCATTGC        Reverse                                                       Effector             
  FeFLS1 (HM357804)                                             ggggacaactttgtatagaaaagttgAATAATATAGTAGCAAGCTTTGA             Forward              Reporter
  ggggactgcttttttgtacaaacttggTTCTTTGTGGTGTGTGAAGGAT             Reverse                                                       Reporter             
  FeFLS2 (HM357805)                                             ggggacaactttgtatagaaaagttgAAGAGCAGAACATGTAAATAAAG             Forward              Reporter
  ggggactgcttttttgtacaaacttggCATTCTTTCTTTTGCTCTCCAG             Reverse                                                       Reporter             
  FeFLS (JF274261)                                              ggggacaactttgtatagaaaagttgCCTCCAGCATGCATCCTTCCTT              Forward              Reporter
  ggggactgcttttttgtacaaacttggTACATGTACTCCTTGAGACTC              Reverse                                                       Reporter             
  FeDFR1a (LC216398)                                            ggggacaactttgtatagaaaagttgTTGTACATCTAGGGCGGCAAAG              Forward              Reporter
  ggggactgcttttttgtacaaacttgggCATGGTGCGACGTCGTTTTGGT            Reverse                                                       Reporter             
  FeDFR2 (LC216399)                                             ggggacaactttgtatagaaaagttgCATTATTATATGAATGATACAC              Forward              Reporter
  ggggactgcttttttgtacaaacttggCGTCGTCTTTCTTGCTTACA               Reverse                                                       Reporter             
  FeANS (HM149791)                                              ggggacaactttgtatagaaaagttgTACATTATAAACTAACTGATGT              Forward              Reporter
  ggggactgcttttttgtacaaacttggCATTTTAATTCTCTTGGAATAT             Reverse                                                       Reporter             
  FeANR (LC107621)                                              ggggacaactttgtatagaaaagttgCTCATCTCACCAAATCACACTC              Forward              Reporter
  ggggactgcttttttgtacaaacttggATTGAGGGATTAGTTCCAAATC             Reverse                                                       Reporter             

###### 

Yield and efficiency of protoplast isolation from buckwheat tissues

  Tissue      Cells/gFW*^a^*      Cells/Tissue*^b^*
  ----------- ------------------- -------------------
  Cotyledon   1.7 ± 0.4 × 10^7^   7.5 ± 2.8 × 10^5^
  Hypocotyl   2.6 ± 0.4 × 10^6^   1.9 ± 0.2 × 10^5^

*^a^*^,^*^b^* Score indicates mean value and standard deviation of four biological replicates.

[^1]: Ryo Ohsawa
